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►  Flexible  metal-free  electrodes  with 
core/shell  structure  were  fabricated. 

►  Their  electrochemical  performances 
were  systematically  investigated. 

►  Fiber-shaped  dye-sensitized  solar 
cells  were  fabricated  with  fibrous 
electrodes. 

►  The  amount  of  PEDOT:PSS  and  the 
diameters  of  the  electrodes  were 
optimized. 
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Highly  flexible  metal-free  fibrous  electrodes  are  prepared  using  commercial  carbon  fiber  (CF)  and 
poly(3, 4-ethylene  dioxythiophene)-polystyrene  sulfonate  (PEDOT:PSS)  aqueous  solution.  Multiple  highly 
ordered  CF  monofilaments  act  as  the  conductive  cores,  while  the  PEDOT:PSS  films  act  as  the  catalytic 
shell  in  the  composite  fibrous  electrode.  Cyclic  voltammetry  and  electrochemical  impedance  spectros¬ 
copy  are  carried  out  to  systematically  investigate  the  electrochemical  performance,  and  the  results 
indicate  that  the  composite  fibrous  electrode  is  highly  efficient  in  catalyzing  I3“  /\~ .  The  PEDOT:PSS 
conductive  films  also  show  excellent  compatibility  with  CF  and  resistance  to  solvent.  The  low-cost 
composite  electrodes  are  used  as  counter  electrodes  to  fabricate  fiber-shaped  dye-sensitized  solar 
cells,  and  the  highest  conversion  efficiency  of  5.5%  is  achieved,  which  is  comparable  to  the  performance 
of  platinized  CF  counter  electrode-based  device. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Dye-sensitized  solar  cells  (DSSCs)  show  great  potential  in 
solving  energy  and  environmental  crises,  because  they  are 
cost-efficient  and  environmentally  friendly  [1  ].  DSSCs  are  based  on 
the  photoelectrochemical  principle,  and  they  are  usually  composed 
of  the  dye-sensitized  TiC^  nanocrystal  photoanode,  electrolyte- 
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containing  I3_/r  redox  species  and  a  catalytic  Pt  counter  elec¬ 
trode  (CE).  The  photoelectrons  generated  via  dye  excitation  upon 
illumination  are  immediately  injected  into  the  Ti02  semiconductor, 
and  the  dyes  are  oxidized  to  dye+.  The  electrons  then  transport 
through  the  photoanode  and  the  outer  circuit,  and  then  reach  the 
CE.  Subsequently,  the  I3^  species  in  the  electrolyte  are  reduced  to  r 
species,  which  will  then  reduce  the  dye+  to  facilitate  dye  regen¬ 
eration.  Considering  the  functions  of  the  CEs,  they  should  have 
both  excellent  conductivity  and  catalytic  ability  toward  I3-/r 
species  [2,3].  Meanwhile,  metallic  Pt  meets  these  two  require¬ 
ments,  and  thus  is  often  preferred  as  the  CE  for  DSSCs.  However,  Pt 
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is  scarce,  expensive,  and  is  easily  corroded  by  iodine-based  elec¬ 
trolytes.  Moreover,  high  vacuum  and  high  temperature  caused  by 
magnetron  sputtering  and  thermal  decomposition  processes  for 
preparing  Pt  films  also  bring  additional  costs,  which  are  adverse 
for  mass  production.  These  problems  have  urged  many  researchers 
to  explore  new  materials  to  replace  Pt.  The  first  category  is  low- 
cost  carbon  materials,  including  graphite  [4],  carbon  black  [5], 
porous  carbon  [6],  powdered  carbon  fiber  [7],  carbon  nanotubes 
[8],  and  graphene  [9,10].  Carbon  catalysts  are  usually  milled  into 
powders  with  high  specific  surface  area  to  improve  their  catalytic 
activity,  and  then  they  are  processed  into  thick  porous  films  with 
organic  or  inorganic  binders,  resulting  in  electrolyte  transport 
limitation  and  poor  stability  [11].  The  second  category  is  inorganic 
metal  compounds,  such  as  nitrides  [12],  carbides  [13],  sulfides  [14], 
and  oxides  [15]  of  Ti,  W,  Co,  and  other  metals,  which  also  suffer 
from  low  catalytic  activity  and  conductivity.  The  third  category  is 
conductive  polymers,  such  as  polyaniline  [16-18],  polypyrrole 
[19,20],  and  polythiophene  derivatives  [21-24],  which  show  good 
catalytic  performance  to  I3_/n,  and  thus  they  are  potential 
substitutes  for  Pt.  Among  these  conductive  polymers,  poly(3,4- 
ethylene  dioxythiophene)  (PEDOT)  has  drawn  much  attention 
because  of  its  good  catalytic  performance,  high  conductivity  and 
stability,  as  well  as  easy  preparation.  In  situ  polymerization  [21,22], 
electrochemical  polymerization  [23,24],  or  direct  coating  of 
commercial  PEDOT  solution  onto  fluorine-doped  tin  oxide  (FTO) 
glasses  are  conducted  to  obtain  PEDOT-based  CEs.  However,  the 
small  catalytic  area  and  poor  adhesion  of  PEDOT  to  FTO  substrates 
limit  the  fill  factor  and  the  conversion  efficiency  of  PEDOT  CE- 
based  DSSCs.  Some  studies  have  shown  that  increasing  the 
surface  area  of  PEDOT  electrode  via  the  addition  of  carbon  [25-27] 
or  Ti02  nanoparticles  [28,29]  could  improve  the  device 
performance. 

The  indispensable  and  expensive  transparent  conductive  oxides 
(TCOs)  materials,  such  as  indium  tin  oxide  (ITO)  and  FTO,  which  are 
used  as  electrode  substrates  of  typical  DSSCs,  are  supposed  to  be 
limiting  factors  of  the  commercial  application  of  DSSCs.  Meanwhile, 
preparing  high  quality  TCOs  with  both  good  conductivity  and 
transparency  is  very  difficult.  Recently,  TCO-free  fiber-shaped 
DSSCs  have  been  developed,  and  the  electrode  substrate  has  been 
expanded  to  highly  conductive  and  opaque  metal  wires  [30-34]. 
The  conversion  efficiency  of  a  fiber-shaped  DSSC  with  a  Pt  wire  as 
the  CE  has  attained  above  7%  [35].  Furthermore,  fiber-shaped  DSSC 
with  commercial  carbon  fibers  (CF)  modified  with  Pt  as  CE  reached 
an  efficiency  of  5%,  and  the  amount  of  platinum  utilized  was  less 
than  1%  than  that  of  the  Pt  wire  [36].  Industrial  CFs  are  abundant, 
light  weight,  flexible,  and  chemically  stable.  Moreover,  long- 
ordered  CF  can  be  used  directly  without  any  binders,  which  are 
always  used  in  nanocarbon-based  CEs. 

In  the  current  study,  flexible  metal-free  fibrous  electrodes,  that 
is,  CF/PEDOT  composite  electrodes,  are  first  prepared  through 
a  simple  solution  process  which  totally  eliminate  the  use  of  high 
temperature  and  high  vacuum.  The  systematic  electrochemical 
analysis  confirmed  that  CF/PEDOT  electrodes  have  better  catalytic 
performance  and  better  stability  than  platinized  CF  (CF/Pt).  Thus, 
the  CF/PEDOT  CE-based  fiber-shaped  solar  cells  showed  conversion 
efficiency  of  up  to  5.6%. 

2.  Experimental 

2.1.  Fabrication  of  CF/PEDOT  and  CF/Pt  electrodes 

Poly(3, 4-ethylene  dioxythiophene):poly(styrene  sulfonate) 
aqueous  solution  (PEDOT:PSS,  CLEVIOS  PH  1000,  purchased  from 
Heraeus  Ltd.,  Germany)  was  mixed  with  5  wt%  dimethyl  sulph- 
oxide  (DMSO).  Unless  specified  otherwise,  the  reagents  were 


purchased  from  Sinopharm  Chemical  Reagent  Beijing  Co.,  Ltd. 
Carbon  fiber  yarns  (M40J,  purchased  from  Toray  Industries  Inc., 
Japan)  were  cut  into  short  lengths  (about  2  cm)  and  different 
diameters  (<p  =  50,  100,  or  150  pm),  and  then  washed  with 
acetone.  They  were  dipped  into  above  mixed  solution,  pulled  out, 
and  then  dried  at  120  °C  in  air.  The  process  was  repeated  until  the 
desired  number  of  dip-coating  was  attained  (0,  2,  4,  or  7  times). 
After  drying  for  another  0.5  h,  the  CF/PEDOT  electrodes  were 
obtained.  For  the  sake  of  comparison,  a  cleaned  carbon  fiber  yarn 
(rp  =  100  pm)  was  soaked  in  5.0  mg  ml-1  chloroplatinic  acid 
aqueous  solution,  taken  out,  and  then  thermally  decomposed  for 
20  min  at  400  °C  to  obtain  the  CF/Pt  electrode. 

2.2.  Fabrication  of  fiber-shaped  DSSCs 

Photoanodes  were  fabricated  on  Ti  wires  (<p  =  250  pm, 
purchased  from  Alfa  Aesar)  via  the  dip-coating  method 
described  earlier,  annealed,  and  sensitized  with  Di-tetrabuty- 
lammonium  cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-dicar- 
boxylato)ruthenium(II)  (dye  N719)  [36].  The  acetonitrile-based 
electrolyte  contained  0.03  M  iodine,  0.5  M  l-butyl-3- 
methylimidazolium  iodide,  0.3  M  tert-butyl  pyridine,  0.05  M 
lithium  perchlorate,  and  0.05  M  guanidine  thiocyanate.  To  obtain 
a  final  fiber-shaped  DSSC,  the  CE  was  close  to  the  photoanode  in 
parallel,  and  then  the  two  electrodes  were  simultaneously 
inserted  into  a  glass  capillary  (dinner  =  0.9  mm,  T>outer  =  1.2  mm), 
then  the  electrolyte  was  filled  into  the  capillary,  Finally,  the  ends 
of  the  capillary  were  sealed  with  paraffin  wax.  The  lengths  of  the 
fiber-shaped  DSSCs  were  prepared  to  be  2  cm  in  length. 

2.3.  Characterization 

The  morphology  of  the  CF/PEDOT  electrode  was  observed  using 
field-emission  SEM  (S-4800  Hitachi,  Japan).  Cyclic  voltammetry 
(CV)  of  CF,  CF/PEDOT,  and  CF/Pt  electrodes  were  performed  using 
a  CHI  electrochemical  station  (Shanghai  Chenhua,  China)  in  the 
electrolyte  (3  mM  iodine,  50  mM  l-butyl-3-methylimidazolium 
iodide,  and  0.1  M  lithium  perchlorate)  with  an  Ag/AgCl  electrode  as 
the  reference  electrode  and  Pt  wire  as  the  CE.  I—V  tests  were  con¬ 
ducted  with  an  Advantest  R6489  Source  and  a  Keithley  Multimeter 
2000  under  simulated  light  of  AM  1.5G  and  100  mW  cm-2  (Sunlight 
Yamashita  DESO).  An  AUTOLAB  PG320  (Swiss)  was  used  to  measure 
the  electrochemical  impedance  of  the  device  between  1  MHz  and 
50  mHZ  under  dark  conditions  with  a  0.7  V  forward  bias. 

3.  Results  and  discussion 

3.1.  Morphology  of  the  CF/PEDOT  electrodes 

The  CF/PEDOT  electrodes  were  prepared  via  a  simple  dip¬ 
coating  method  with  commercial  CF  and  PEDOT:PSS  solution.  The 
PEDOT: PSS  solution  was  doped  with  5  wt%  DMSO  to  improve  the 
conductivity  of  the  PEDOT  conductive  polymer  [37].  The  CF/PEDOT 
fibrous  electrode  preserves  good  flexibility  that  mainly  originates 
from  the  flexible  CF  substrate  and  PEDOT  polymer  film,  and  thus  it 
can  be  wrapped  along  a  Ti  wire-based  photoanode  (Fig.  la).  Fig.  lb 
shows  the  thin  but  robust  PEDOT  film  coating  on  the  CF.  The  good 
adhesion  between  the  PEDOT  and  the  CF  favors  the  ohmic  contact 
at  their  interfaces.  The  cross-sectional  image  (Fig.  lc)  shows  the 
multiple  core-shell  structure  of  the  CF/PEDOT  electrode.  Each 
single  CF  monofilament  was  covered  with  a  nanometer-thick 
PEDOT  film,  and  some  PEDOT  sheets  penetrate  the  gaps  of  the 
monofilaments,  which  may  favor  a  highly  conductive  network  and 
also  increase  the  catalytic  surface  area  of  the  CF/PEDOT  CE. 
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Fig.  1.  a)  Optical  images  of  CF/PEDOT  electrode  (CE)  and  fiber  photoanode  (WE,  ca.  diameter  of  270  pm  and  70  mm  length),  the  inset  is  an  enlargement;  b)  SEM  image  of  the  CF/ 
PEDOT  CE;  c)  SEM  image  of  the  cross-section  of  the  CF/PEDOT  CE. 


3.2.  Electrochemical  performance 

CV  was  conducted  to  investigate  the  catalytic  activity  of  the  CF/ 
PEDOT  electrodes  to  I3“/r  redox  couples  (Fig.  2).  Fig.  2a  shows  the 
CV  curves  of  the  pure  CF  electrode  (CF)  and  platinized  CF  electrode 
(CF/Pt),  which  was  prepared  via  the  thermal  decomposition  of 
chloroplatinic  acid  solution.  As  previously  reported,  from  left  to 
right,  the  two  couples  of  the  redox  current  peaks  in  the  CV  curves 
correspond  to  the  I3“/r  and  I3— /I2  redox  reactions,  respectively 
[36],  and  the  left  couple  dominates  the  CE  performance  of  the 
DSSCs.  The  reduction  peak  current  of  the  pure  CF  was  too  small  to  be 
observed,  showing  its  low  catalytic  performance.  After  modifying 
the  CF  with  trace  Pt,  its  reducing  overpotential  obviously  decreased 
and  its  peak  current  dramatically  increased,  verifying  the  high 
catalytic  activity  of  metallic  Pt.  The  shape  of  the  CV  curve  of  the  CF/ 
PEDOT  electrode  was  similar  to  that  of  the  CF/Pt  electrode,  however, 
its  left  redox  peak  current  was  much  larger.  These  results  show  that 
PEDOT  has  high  catalytic  activity.  In  addition,  the  current  baseline  of 
CF/PEDOT  in  the  CV  curve  was  higher  than  that  of  CF/Pt,  probably 
because  of  the  high  charging  current  of  the  electric  double  layer  at 
the  PEDOT/electrolyte  interface  [28,29].  Fig.  2b  shows  45  consecu¬ 
tive  CV  curves  of  CF/PEDOT  and  CF/Pt  electrode.  The  left  reduction 
peak  potential  of  the  CF/Pt  shifted  to  the  left,  and  the  corresponding 
peak  current  decreased  with  increasing  the  cycle  times.  These 
results  indicate  that  the  catalytic  activity  of  CF/Pt  electrode  weakens 
with  increased  cycle  times,  which  is  mainly  caused  by  the  surface 
adsorption  of  reduced  species  on  Pt  clusters  that  suppresses  the 
catalytic  reduction  in  the  following  steps  [24].  Catalyst  poisoning  is 
detrimental  to  device  performance,  especially  to  the  long  term 
stability  of  DSSCs.  The  CV  curves  of  the  CF/PEDOT  electrode  in  45 
continuous  cycles  were  almost  completely  overlapping,  with  little 
changes  in  peak  potential  and  current.  The  CF/PEDOT  electrode 
showed  a  higher  electrochemical  stability  than  the  CF/Pt  electrode. 


Fig.  2c  shows  the  CV  curves  of  CF/Pt  and  CF/PEDOT  at  different 
scanning  rates,  and  the  relationships  of  the  left  redox  peak  current 
and  the  square  root  of  the  scanning  rates  were  also  derived  (Fig.  2d) 
to  further  investigate  the  dynamic  electrochemical  process  of  the 
CF-based  electrodes.  The  linear  relationships  indicate  that  the 
diffusion  process  of  redox  species  dominates  the  redox  reactions 
[21,28,29].  The  electrochemical  results  show  that  the  CF/PEDOT 
electrode  could  probably  be  an  alternative  to  CF/Pt  electrode  for 
efficient  DSSCs. 

3.3.  Photovoltaic  performance 

The  CF,  CF/PEDOT,  and  CF/Pt  CEs  were  combined  with  Ti 
wire-based  photoanodes  to  fabricate  fiber-shaped  DSSCs,  which 
were  denoted  as  Dcf,  Dcf-pedot.  and  DCF-pt»  respectively.  Fig.  3a 
shows  the  current-voltage  (/-V)  curves  of  the  fiber-shaped  DSSCs, 
and  their  photovoltaic  parameters  are  summarized  in  Table  1.  The 
open-circuit  voltage  (Voc),  short-circuit  current  (Jsc),  fill  factor  (FF), 
and  photoelectric  conversion  efficiency  (PCE)  of  Dcf  were  0.481  V, 
7.49  mA  cm-2,  0.27,  and  0.98%,  respectively.  The  poor  catalytic 
activity  of  the  CF  was  the  main  cause  of  the  poor  photovoltaic 
performance  of  Dcf-  The  V00JSC,  FF,  and  PCE  of  DcF-pt  were  raised  to 
0.685  V,  11.13  mA  cm-2,  0.67,  and  5.08%,  respectively,  which  are 
close  to  the  best  performance  of  fiber-shaped  DSSCs  based  on  CF/Pt 
CE  prepared  via  sputtering  [36].  Compared  with  DCf-pu  Dcf-pedot 
had  higher  Jsc  (12.01  mA  cm-2)  and  FF  (0.69),  and  its  PCE 
increased  to  5.6%.  The  superior  photovoltaic  performance  of 
Dcf-pedot  to  DcF-pt  demonstrates  that  the  highly  efficient  CF/PE¬ 
DOT  electrode  could  replace  the  CF/Pt  electrode. 

The  electrochemical  impedances  of  the  devices  above  were 
measured  in  situ  to  further  explore  the  influence  of  CEs  on  device 
performance.  Fig.  3b  shows  the  Nyquist  plots  of  DCf  and  DCf-pedot* 
The  two  arcs  indicate  the  existence  of  two  interfaces,  that  is, 
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Potential/V  (Scaning  rate)0'5  /  mV0'5  s*0'5 

Fig.  2.  a)  CVs  of  the  CF,  CF/PEDOT,  and  CF/Pt  CEs  with  a  scan  rate  of  100  mV  s-1;  b)  Parts  of  the  45  consecutive  CVs  of  CF/PEDOT  and  CF/Pt  CEs  with  a  scan  rate  of  100  mV  s-1;  c)  CVs 
of  the  CF-PEDOT  electrode  with  different  scan  rates  (from  inner  to  outer:  10,  25,  50, 100, 150,  250, 350,  and  500  mV  s-1,  respectively):  d)  The  relationship  between  the  redox  peak 
current  and  the  scan  rates  of  the  CF/PEDOT  electrode. 


Votage/V  Z’/  ohm 

Fig.  3.  a)  Current  density-Voltage  curves  of  DCf,  DCf-pedot,  and  DCF-pt  under  100  mW  cm  2  (AM  1.5G)  simulated  irradiation;  b)  Nyquist  plots  of  DCf,  DCf-pedot,  and  DCF-pt,  namely 
the  fiber-shaped  DSSCs  employing  CF,  CF/PEDOT,  and  CF/Pt  CEs,  respectively. 


CE/electrolyte  interface  (high  frequency  region)  and  photo- 
anode/electrolyte  interface  (low  frequency  region).  The  charge 
transfer  resistance  {Rct)  at  the  former  interface  and  the  series  ohmic 
resistance  (Rs),  which  have  negative  effects  on  device  performance, 
were  obtained  via  fitting  with  a  simplified  electric  circuit  model  [36]. 
The  Rs  and  Rq t  changed  with  the  conductivity  and  catalytic  perfor¬ 
mance  of  the  CEs  because  all  the  devices  in  the  current  study  were 
prepared  under  the  same  conditions  except  with  different  CEs.  The 


Table  1 

Photovoltaic  parameters  and  EIS  data  of  fiber-shaped  DSSCs  with  different  CEs. 


Device 

Rs  [fil 

Rct  [01 

Voc  [V] 

FF 

Jsc  [mA  cm  2] 

PCE  [%] 

Dcfiso 

11.1 

819.8 

0.481 

0.27 

7.49 

0.98 

DcF150-PEDOT2 

15.4 

225.1 

0.730 

0.71 

9.17 

5.08 

DcF150-PEDOT4 

12.3 

208.2 

0.685 

0.70 

11.15 

4.73 

DcF150-PEDOT7 

10.3 

137.6 

0.678 

0.69 

12.01 

5.34 

DcF50-PEDOT4 

41.1 

259.1 

0.723 

0.64 

8.58 

5.61 

DcF100-PEDOT4 

20.7 

213.2 

0.737 

0.67 

9.60 

3.97 

small  Rs  but  large  Rct  of  Dcf  were  consistent  with  the  good 
conductivity  but  poor  catalytic  performance  of  the  CF  electrode.  The 
Rct  of  Dcf-pedot  was  reduced  from  819.8  Q  to  137.6  Q,  while  its  Rs 
changed  a  little  compared  with  that  of  DCf,  indicating  that  the  CF 
substrate  dominated  the  conductivity  of  the  CF/PEDOT  composite 
fiber.  These  results  also  prove  that  the  PEDOT  modification  of  CF 
could  decrease  the  Rct  and  lead  to  the  catalytic  CF/PEDOT  CE. 
Moreover,  the  total  series  resistance  was  reduced,  and  the  corre¬ 
sponding  photovoltaic  performance  was  dramatically  improved. 

3.4.  Optimization  the  amount  of  PEDOT  and  the  diameters  of  CF/ 
PEDOT  electrodes 

The  influence  of  different  PEDOT  amount  as  well  as  the  diam¬ 
eters  of  the  CF/PEDOT  electrodes  were  investigated  to  improve  the 
device  performance.  During  the  experiment,  the  amount  of  PEDOT 
could  easily  be  controlled  via  the  number  of  applied  dip-coatings. 
The  performances  of  the  devices  using  CF/PEDOT  CEs  with 
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Fig.  4.  a)  The  relationship  between  the  photovoltaic  parameters  and  the  number  of  dip-coatings  of  Dcfiso.  Dcfi50-pedot2.  DCfi5o-pedot4.  and  DCfi5o-pedot7  (PEDOT  dip-coating  times: 
0,  2,  4,  and  7  times,  respectively)  under  100  mW  cm-2  (AM  1.5G)  simulated  irradiation;  b)  Nyquist  plots  of  these  devices;  c)  The  relationship  between  the  photovoltaic  parameters 
and  the  diameters  of  the  CF/PEDOT  CEs;  d)  Nyquist  plots  of  DCf5o-pedot4.  E>cfioo-pedot4.  and  DCfi5o-pedot4  (the  diameters  of  CE  were  50,100,  and  150  pm,  respectively). 


different  numbers  of  dip-coating  applications  (0,  2,  4,  and  7)  are 
summarized  in  Table  1.  Fig.  4a  shows  that  the  photovoltaic 
parameters  changed  with  number  of  applied  coatings.  After  coating 
the  CF  with  the  PEDOT  solution  twice  (DCfi5o-pedot2),  the  V0CJSCl  FF, 
and  PCE  were  0.730  V,  9.17  mA  cm-2,  0.71,  and  4.73%,  respectively, 
suggesting  that  a  small  amount  of  PEDOT  could  significantly 
improve  the  photovoltaic  performance.  The  parameters  did  not 
change  apparently  with  the  further  increase  in  coating  applications. 
PCE  only  increased  to  5.6%  even  when  it  was  coated  with  PEDOT 
seven  times  (Dcfi5o-pedot7)-  Moreover,  electrochemical  impedance 
spectroscopy  (EIS)  can  explain  these  relationships.  The  Rcr  of 
Dcfi50-pedot2  in  the  Nyquist  plots  (Fig.  4b)  dropped  considerably  to 
225.1  Q,  and  thus  better  device  performance  was  achieved. 
However,  the  Rs  and  RCt  decreased  slightly  when  the  coating  times 
were  further  increased,  indicating  a  slight  improvement  in  the 
conductivity  and  catalytic  performance  of  the  CF/PEDOT  electrodes, 
which  are  in  agreement  with  the  device  performance  above. 

Fig.  4c  and  d  demonstrates  the  photovoltaic  performance  and 
EIS  results  of  the  fiber-shaped  DSSCs  using  CF/PEDOT  CEs  with 
diameters  of  50,  100  and  150  pm,  respectively.  The  Jsc  and  V0c 
slightly  changed,  while  the  FF  increased  from  0.64  to  0.67  and  the 
PCE  increased  from  3.97%  to  4.77%  when  the  diameter  of  the  CF/ 
PEDOT  increased  from  50  pm  to  150  pm,  as  shown  in  Fig.  4c.  These 
changes  illustrate  that  the  diameter  of  the  CF/PEDOT  CE  had  weaker 
effects  on  device  performance  than  the  number  of  dip-coatings. 
The  EIS  confirmed  that  the  Rs  dropped  by  50%,  however,  the  Rcr 
dropped  by  only  17%  when  the  diameter  increased  from  50  pm  to 
150  pm.  The  decrease  in  Rs  can  be  attributed  to  the  improvement  in 
the  conductivity  of  the  CF/PEDOT  CE  with  large  diameters  because 
more  CF  monofilaments  provide  more  conductive  paths.  However, 
the  CF/PEDOT  electrodes  with  large  diameters  were  too  thick  for 
the  redox  species  to  diffuse  in  or  out.  Therefore,  the  effective 
catalytic  surface  and  resulting  photovoltaic  performance  minimally 
improved.  Moreover,  assembling  a  device  CE  with  too  thick 
a  coating  of  PEDOT  on  CFs  is  not  easy.  Thus,  the  CF/PEDOT  CEs  with 
diameters  of  150  pm  were  used  to  fabricate  fiber-shaped  DSSCs. 


Fiber-shaped  DSSCs  using  flexible  and  metal-free  CF/PEDOT 
electrodes  as  CEs  work  better  than  those  using  CF/Pt  CEs  under 
different  light  density  (Figure  SI  a).  Moreover,  these  fiber-shaped 
DSSCs  show  low  dependence  on  the  light  incident  angle  because 
of  their  highly  symmetrical  device  structure  and  unique  3D  optical 
structure  (Figure  Sib).  The  power  output  could  also  be  greatly 
enhanced  by  simply  placing  a  light  diffusion  board  under  the  device 
(Figure  Sic). 

4.  Conclusion 

Highly  conductive  and  catalytic  CF/PEDOT  electrodes  with 
multiple  core/shell  structures  were  prepared  using  commercially 
available  materials  and  a  simple  method.  Moreover,  the  optimiza¬ 
tion  of  the  amount  of  PEDOT  and  the  diameters  of  the  CF/PEDOT  CEs 
led  to  highly  efficient  fiber-shaped  DSSCs  with  a  highest  efficiency 
of  5.5%.  The  biocompatible  CF/PEDOT  composite  electrodes  have  the 
advantages  of  low  cost,  light  weight,  and  high  flexibility.  Therefore, 
they  are  preferable  to  using  metal  electrodes.  These  results  also 
indicate  a  good  prospect  of  their  applications  in  fiber/wearable 
electronics. 
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